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LONGITUDINAL~-STABILITY CHARACTERISTICS COF

SIﬁCL‘mENGIHb AIRPLANES

By Harry J, Goeitt and ¥oel K, Delany
SUMMARY
The results ¢f teste of a model of o singles—engin: oire-

plane witn two different tilts of the propeller nxis are ro-
ported herein, The roegults indicete that on a typical de-
sign o 5C downward tilt of the propeller axis will coansider—
ably reduce the destabilizing effects of power, This re duc—
ticn is equivalent to as much as a 0,08 mean aerodynamic
chord favoravle shift of the neutral point for 2100-horse-
power operstiocn f{at a Cy of C,8)., TFor 3450-horsepower
operation the in*rease in the stability is ecguvivalent to o
0,10 mean sercdynsiic chord ghift in the stick-—fixed neutral
point at e Cy of 0,8, The improvement in handling charac—
terigtics {elevator angle and stick force vs velocity, and
stick force ve normal acceleration) resulting fron thc 2
effects is ovaluated, It 1s shewn that, by use of the ti
propelier, the stick force in accelerated mancuvers can b
reducad at no sacrifice of power—on stability,

v

A comparison of the experimental results with those com-

puted by usc of existing theory iz included, It is shown
that the regulits can be predicted with . an accuracy accepiable
for preliainary design purposes, particularly at the highsv

n

povers where the effecte are of sig nificant magnitudes

-3

The designer of a modern pursult airplane is confronted
with the conflicgting roguirements ¢f maneuverability and sto-
bility and, due te the lerge effects of power, it is becoming
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progressively more difficult to compromrise these require-
ments in a single-engine airplane., For example, present
flying qualities specificntions call for a low stick force
rer unit normal acceleration and, at the same time, reauire
stick~fixed and stick-free stability under flight conditions
where the effects of power are large (for example, a rated-
power climb or partial-power approach). A low longitudinal
stability is conducive %o the attainment of the former re-—
quirement, while a high stability (with power off or at high
speed) is required by the latter. The margin necessary on
a modern single-engine fighter tends to be so great that in
order to attain the desired light stick force in maneuvers,
an waduly close-balanced elevator must be regsorted %to.

As an illustration of this point, consider a typical
single~engine airplane povered with a 2100-horsepower engine,
welghing 14,000 pounds, and with a wing loading of 40 pounds
per square foot. With an airplane of normal dimensions a
forward shift of the neutral point of as much as 10 percent
mean aerodynamic chord will cceur, due to the application of
rated power at a Cp of 0.8 (147 mph), If stability is to

be maintained in this condition, a d4€,/dC; of at least -0.,10

must exist power off (or at high speed where the effects of
power are small), If the stick force in steady turns is to be
kept within the limit of & pounds per g (which is redvired
for a fighter or an attack airplane), a dCnp/d8e of the order
of -0,001 on a 30-percent-chord elevator is required, The
maintenance of this close balance over anything dbut a limited
elevator-deflection range will be difficult, and the control
will be subject to overbalance due to small manufacturing
deviations in contour or due to Mach number effects.

It is apparent that any desigsn change in the airplane,
which will reduce the destabilizing effects of power, will
permit the reduction of ithe power-off stability which nmust
be built into the airplane, Thus, the attainment of Dboth
a low stick force per g and stability in high-powered low-
speed flight will be facilitated. An effective means for
decreasing the destabilizing effects of power is to give the
propeller thrust axis a slight downward tilt., A 5° tilt on
an airplane of normsl nose length will give the thrust axis
a moment arm of the order of 0.1 mean aerodynamic chord about
the center of gravity. On the typical airmlsne being consid-
ered, the resulting thrust moment (if fully effective) would
cause a stabilizing increment of -0,04 in d0,/dCy at & Cr
of 0.8 for climb with 2100 horsenower (Te = 0.27). The sche~
matic sketch on figure 1 ghows that a t1ilt of this magnitude
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could be attained with very little, if any, change in the
cxternal lines of the airplane.

In addition to the effect of tilt of the propeller
arising directly from the propeller forces, there will be
a secondary effect on the slipstream which also will be
- beneficial. Since the vertical component of the thrust is
decreased by tilting the thrust axis downward, the change in
downwash resulting from this vertical component will also be
decreased.* The stabilizing effect of the decreased change.
in downwash cannot be computed readily, but rough estimates
indicate that it could be about half as large as the effect

due to thrust moment.,

Thus, this cursory examination indicates that the for-
ward shift of the neutral point might be reduced from about
0,10 megn aerodynamic chord with an untilted propellier axis
to 0,06 mcan asrodynamic chord with a 5% tilt (figures given
for 2100 hp at a OCp of 0.8), However, there was the possi-

bility that a given geomotric $ilt of the thrust axis might
not result in ar equal angular change of the line of action
of the thrust., Therc also was a nsed for verification of
the computed effects on the tail and a determination of the
influence of the position of the tail with respect to the
slipstream, Accordingly, the tests reported herein were
conducted on a model of a typical single-engine airplane
with two different tilts of the propeller axis. This report
presents the results, shows tho effects on the associated fly-
ing Qqualities, and compares the effects vith those computed
from the basic theory involved. The symbols wused throughout
the report are defined in appendix A.

MODEL AND APPARATUS

All tests were run in the Ames T~ X 1lO-~foot wind tunnel
Wo., 2. Figure 2 shows the model mounted in the tunnel, Com-
pononts of & model of a Douglas (EL Scgundo) airplane were
wsecd in the assembly of this model,

A thres-view drawing of the model is shown in figure 3

PR

It was assumed to be a 3/16-scale model of an airplane weigh-
!

*The destabilizing effects of nower are traceable in a
large méasure to the incroease of downwash in the slipstream
and the resulting influence on the tail witching moment.
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ing 14,700 pounds, wing Iba&ing‘sé)éw “The characteristic
dimensions of the model and the full-scale airplans (assur-
ing 3/&6 scale) are given in the table on figure 3, Tha

model was

equipped w1th vaned, slotted flaps, It will be

noted that there are two tail locatlions: one deslgnaucd -ha

normal tail position, and the other the raised tail pos tion,
Figure 4 shows the location of those tails relative %0 the
fuselage reference line (e line corresponding to an untilted
thrust axis),

Unless specifically sitated otherwise all pitching no-
ments herein are referred to the 0,35 mean agrodynamic chord
point, the location of which is shown in figure 3, Ths re-

1ht10n of

the thruast axiv,‘ center of gravity, and wing 1is

~given in mO”P‘detdil in figure 1, Tilte of the propeller of
-~0,89" Jnanq.ﬁc were tosted, (Neg@tive sign indicates a down-

ward tilt,

) This tilt was obtazined by rotating the mctor

about a horizontal line passing thuvough the ceunter of rota-
tion of the propeller, Thus ithe vertical position of %ho

propeller

wag not affected by the t11%, Sufficient clear

ance existed inside the cowl s0 that the motor could be

tilted wi
model,

thout any lueratlou 0f %he external lines of the

Details of the-horizontal tail surface are shown in

figure B,
be in the
vator way
was used
taticu of

of a 25,Bw~
in 2 defle
this gives

The tail volume was 0,835, which is believed tﬂ
normal range for this tywe of airplane, The @
restrained by an electrical—type strain gage wh
for ths measurement of hinge momernts, In the ¢
stick forces “rom the hinge moments, a 32° move:
inch stick was aggumed with the elevator operatl
ction range of 209 to —30%, With a linear rela

an F/HM of 0,735,

¥~‘
..T'

'\

O

ic
TO'LL'-'
nent
ing
tion

The model was powered with a 100-horsepower motor driving
a four-blade single-rotating propeller, 411 tssts were run

with the propeller set at a blede angle of 21,0° at the Q,75R

The experimcntally determined T, against V/nD relation—

ship for t

his setting is shown in figure 6 The vériation of

®
K (propeller normal-force factor) with V/nD as computed
&

from the s
acteristic
shown on f
rolatlon«,
loading cf

xperimentally determined Cp eogal V/nD char-
s of thn modal propeller at a 21,0

iz

nst

9 Plade setting is
ure 7, The assumed full-scale T, against Oj

hips for 920, 2100, and B4EC horsepower (end a win

39,2 1 8

£
9 1b/fte) are shown on figure
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TESTS AND REDUCTION OF DATA

The tests cengisted of a series of runs at consgtant
values of 'T,, with flaps up =znd flaps Uef]ec ed 389,
and with the propeller iilted both —0,8° end —5,5°, Thesz
tests were made with ¢ail removed, tall ir its normal po>—
sition with several elsvator deflections, and tail in the
raised position with neutral elevator oanly, A similar

serles of propeller—romnved tests was also made,

The values of T wsre zelectsd so that the thrust re-
sulting frou the use of 2450 horszepower could be simulated
with flaps up snd 2100 horsznower with flaps down, The
various values of T, werg obtained by holding the motor

power at it. safe limit and adjusting the test velocity to
geecure the raguirsd V’nﬁ, Phe taest Reynolds punber varied
from 900,C0C %o 2,500,000 dependent upon the value of T,

The results o'\h~ ned in this fashion were plotted againgst

T as the major variadble with angle of attack as a parsmeter,
c = m A

Cross plots were then made for the ureselected Te against

3

Cy, relationships (shown in £l ) sguivalent to 9220, 2100,
and 3450 horsaepower, The results of these cross pﬁota which
are egquivalent to the conveniional constant-power polarq are
presented herein,

o

1—',

U
*

The effeect of propeller operatiocn on the pitching moment
of the model {(tail in normal poeition) with two different onro-
paller $ilts is shown in figures 9 to 11, The shift in neu-
tral point at varlous 1ift coefficients, as determined from
4Cp/d0y, about the 0,25 reen seroivuanic chord point with
elevator deflected for trim, is shown in figure 12,

From inspection of thes zgures the beneficlal affect
of tilt of the propeller axi i . The characterisgtic

nt
desu“b11171ng cffect of powe cent with the —0,80 tilt,
while with the —5 ,BC tilt it is ei :r considerably decreasged
or entirely elimi natea dependent on the load carrisd by the
tail (as determined by the elevator deflection), It will dbe
observed from figure 12(a) that, at a Cy of 0,8, the applic~
ation of 2100 horsspower causes a forward shift in neutral
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point of 0,10 mean aerodynamic chord with the -0, 8% tilt 1r
contrast to 0,05 mean aercdynamic chord shift with the =B,
t1lt, Thus, the beneficial effect of the tilt is equivqlent
to a shift in the nsutrsl point of 0,05 mean aerodvnamic chord
compared to the possible 0,08 mean aercdynamic crord shift
discussed in the Intrcduction A more extended cumparison cof
experimental and computed results is given in the section
Application to Other Designs, As indicated therein the cor-
respondence between the computed and experimental results
varics somewhat, dependent on the power and (1, However,

in general, the corrcspondence tends to be best at the

higher powurs where the effects are greatest,

From the data presented in figure 13 (for tail off) and
figure 14 (tail in the raised position), it is possidle to
determine the extent to which thess effects are dumne to the
direct propeller forces and the influence of the tail height
on the tail effects, The incremental effects of the tilt OE
the propeller have been dctermined from the data of figure
9, 13, and 14, and are presented in figure 15 in the form‘oL
A(ACm5 against Cp. It will be observed that the direct

effects of the propeller tend to predominate over'the taill
effects, The increase in tall height causes a decrsase in

the beneficial effect of the tilt, mainly, because with the
higher tail position the over-all destabilizing effects of
power are scmewhat less; therefore, there is less to be gained
by a change, A more detaliled analysis of this is given in the
section Application to Other Designs along with & compariscn
of the cxperimental and computed results, It is shown there
that the normal tall is in such a pogition as to suffer the
greatest effects of power; therefore, the effect of the tilt
on the tall pitching moment shown on figure 15 is probably

the maxizmw: which will be measured for any tail height,

Pitching Moment, Flaps Deflected‘SBO

The effect of propeller operation on the pitching moment
of the nodel with flaps deflected is shown in figures 16 to 20,
The location of the neutral point at various 1ift coefficients
as determined from de/dCL with elevator deflected for trin

ig.shown in figure 21,

The trend of the results is the same as that observed
with flaps up, In a typical approach condition (920 hp at
a 0 of 2,0) a favorable neutral point shift due to the tilt
of as much as 0,035 mean aerodynamic chord is realized, With
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2100 horsepower the shift is 0,05 mean aerodynamic chord. at
this 0Oy, Pigure 22 shows that the major portion of the
increase in stability came from the direct propeller forces,
The A(ACL) with taill off is very nearly equal %o that with

tail on up to a Oy of 1,6, 4s will be shown later this is

due to the fact that the slipstream passes under the tail, and
thus there ig very little differcence in the change in p:tcn~
ing moment resulting from the tilt for the two tail heights, -

Effect on Hinge Moment and Lift

“1Lvator hlnge moment for flaps up and flaps deflscted
33° is presented in fignres 2% and 24, There is 1little or
no change due to tilting the thrust line, This might be ex-
pected since dche/dit i¢ small for the model tested and

the average velocity over the tail is not changed to a very
large extent due to tilt,

The maximum 11f% coeffiecient, tail off, was decreased
0,06 for flaps retracted and 0,07 for flaps deflected with
2100 horsepower (fig, 2%5)., The decrease in 1ift is directly
traceable to the change in the vertical component of the
thrust and normal force, The low—power maximum 1ift, which
will be more frequently used, is decreased about 0,04, prob-
ably o negligzible amount,

Effect on the Longitudinal Handling Qualities

The longitudinal handling qualities were predicted for
flaps up (fig, .26) and flaps deflected (fig, 27) from the
data previously presentsd for the various power conditions
tested,

Flapg retracted,—~ The stick force against velocity curves

were computed for trim at <€ = 0,6 which corresponds to a
velocity of 160 miles per hour, a normal climb spesed, Figure
26(a) shows that, with -0, 8° tllt there is marginal stick-—
free stability with 2100 Orsepowpr, while with 3450 horge-
ppwer marked instability exists. In contrast to this, with
—5,560 tilt (fig, 26(Db)), considerable stability exists for

the 2100-horsepower conditions, and the airplane becomes only
marginally stable with 3450 horsepower, It is obvious from
the previous discussion that, since tHe tilt of the propeller
axls does not affect the elevator hinge moments, all the change
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in the stick—free characteristics is due to the increase
in the slope of C, against CL. The increased variation of

§o with V; resulting therefrom (fig, 26) causes the more
stable variation of stick force with Vj,

hs was pointed out in the Introduction, the maintenance
of stability in the high-power low—speed condition necessi-
tates that a high degree of stability be present under con-
ditions where the power effects are small (e,g,, high speed),
This condition is evident in figure 26(a) where, in order to
obtain Jjust marginal stability with 2100 horsepower, the basic
stability must be so high that an excessive stick force per g
(30 1b) is present in high-speed maneuvers, ' If advantage is
taken of the decreased effect of power made possible by the
tilted propeller, the basic stability can be considerably
decreased with a congequent reduction of the stick force per
g. The decrease in stability normally would be secured by a
decreased tall size, o that not only would a reduction in
stick force result from a decreased dCp/dCy but alsc from
the decreased area of the elevator, The precise evaluation
of such a saving could ouly be made by testing a reduced gize
tail, However, a recult (which will be on the conservative
side) can be obtained from the data available if the decrease
in dOp/dCy is assumed to come from a rearward movement of
the center of gravity, (The advantage gained from reduced
elevator area is not included in this procedure,) The char—
acterigstics for a 0,30 mean aerodynamic chord center—of—
gravity position with ~5,5C° tilt of the propeller are shown
on figure 26{(c¢), It will be noted that the stick force
againsgt velocity characteristics remain more stable than for
the -0,8 tilt and 0,25 mean asrodynamic chord center—of—gravity
position; and, in addition, a reduction of 10 pounds per g is
realized in the stick force in maneuvers,

Flaps deflected.,~ The stick force against veloecity was
computed for a typical approach condition with the elevator
assumed trimmed for a OCp=1,0 and a velocity of 124 miles
per hour, In this attitude if there is a balked landing re—
quiring the application of power or if power must be applied
to maintein a given sinking speed, the airplane will become
marginally stable with 920 horsepower at 120 miles per hour
and will be unstable throughout the speed range with 2100
horsepower (fig, 27(a)), In contrast, tilting the propeller
gives satisfactory stability for 920 horsepower and marginal

stability at about 90 miles per hour with 2100 horsepower
(fig, 27(v)),
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APPLICATION TO OTHER DESIGNS

It 1s the purposec of this section to show the com—
parison between experimental results and those which would
be predicted from available theory, The demonstration of
the computation of the results from this theory serves to
illustrate the methods by which the effect of tilting the
propeller can be estimated for other designg,

The computation methods follow in general those out—
lined in reference 1, with some modification in detail,
These coaputations noturally divide themselves into two
partst one dealing with the effects due to the direct pro-
pellex forces, the other dealing with the effects resulting
from the changes in the slipstream insofar as it influences
the contribution of pitehing moment by the tail,

EZffects of Direct Propeller Forces

Following conventional practice, the proppller foreces
can be broken down into the compounent acting alcng the
thrust axie and the component normal t0 the thrust azis,
From refercnce to0 figure 1, it is evident that the moment
about the center of gravity produced by these forces will
be ag follows:

AMypon = Tz + Np 1, (1)
T, Wb
Z Pt
Acmpro' T + e (2)
P V7 -5, 2V S

Substituting for T and N the relation

-2 < L3
T = T, pV D (3)

fp = Oy, pr®D* = K sin 8 pn®Dd* (See note, ) (&)

Notes: The expression for the normal—force component is de—
rived by tho method ¢f Glmuert as described in roforence 2
(pp., 351-357) and as applied in reference 1, An alternate
method which could be used with equally satisfactory results
ig the more recent development of Ribner {(acntinucd on », 10)
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gives the following:

2 . 2 1
AC = T, ~—~2§ 2 4 I({vjlg)z ZIS’ . (5)
[+
prop > ) R¥/mD)e S} e

ffect due Effect due

to thrust to normal
feorce

For the purpose of determining the effect of propeller
til%, the absolute magnitude of Alnp,, igs not of ianterest,

op
Rather, the difference in Acmnrop’ dve to the $ilt of the

propeller (referred to hereafter as &(Acmnrcp)), is to be

evaluated. This eliminates any large discrepancy in the
absolute magnitude of Acmprop which might exist. Thus the

effect of the tilt of the propeller in the case at hand will
be ag follows:

/2D T w om zZ_ .
A(A(}m ) - Tc J {/*‘\}1) - - 0.8 .
prop s/ \ ¢ e
2 . .
LN (KVSInG,-S's X sme*yo.s) (6
S ¢ \ (V/nD)? (v/nD)?

By use of the above equation and the data of figures 6, 7,

8, and 28, the effect of the direct propeller forces was
computed-for the several power conditions, flaps up and flaps
down, (Table I shows a sample computation for the 2100-hp,

(Continued from p. 9) (references %, 4, and 5). Sseveral trials
have shown that the results obtained by either of the methods

deviate about equal amounts from experimental results, vrovided
the X wused in Glauert's method is derived from a CP against

7/nD curve of the actual propeller used. If such data are

not available, the modification of the X of a known propeller
by Ribner's "side-force factor! (reference §5) to take care of
blade-shape differences gives satisfactory results.
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flops—up condition and serves as an illustrative cxample of
the mathod,) The results and ths corresponding experimenta
data obtained frowm the tail—off runs are shown on figures 2°
and 30,

Tle 00mparison,.both with flaps up and flaps down, is
good when considered on the basis of A(AcmprOP)' It is

.

worthy of note that the vertical force contribution to
A{AC ) consists almcst entirely of a shift in the curve
Torop ‘

and contributes very little change in slope, This suggests
a considerable simplification of the computatlon by congider—
ing only the Tg term in the above expression for A(Acmprp3)
since normally only the change in slope 1s of sigrnificance,
the vertical shift of the curves being unimportant, If this
is done 224 equation (6) is differentinted, considering the

second term a constant, the following relationship results:

a8(a0mp) _ 4T '(ﬂfa \ (mses_ Zzo.s) (5a)
oy - dCy NS 7/ c c ) )

This equation is readily evaluated since for a2 given tilt
of the propeller 4T,/dCp is the only variable with Oy,

Effcct on the Taill Pitching Moment

In accordance with the procedure c¢f reference 1 (and
with the sirpli f“lna assumption that gqfq, at the tall with
pewer off ig equal to 1), the effect of slipstream on the
tail pitchin g moment can be broken down 1nto the following
componentga:

dvm /Aq

G ; —-be —_—{— X lg \ — ( Cr, (v
mt:},ll peff a it \q‘G 13/eff d'it qO eft ‘uto )
N ~ J A e ) S ‘
Effect due - Effect due to Effect .due
to change combined ~change ... to .changed
-of downwash . in downwash and g in the

in the slip~ q in the slip—- - slipstrean
stream strean
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It is to be anticipated that tilting the propeller axis

will affect the first and second terms by virtue of the
difference in downwash jncrement due to power, This difw
ference will arise from the fact that the vertical com—
ponent of the thrust is decreased, so that from momentun
considerations the downwash induced by the propeller will

be decreasad, This will be a stabilizing effect, In addi-
tion, the changed downwash will result in a different juxta-
position between the slipstream and the tail, so that a
different area of the tail wlll be immersed, As a result

(Aq/qo)eff will be changed, and the second and third terms

of the preceding equation will be affected, This infuence
will be stabilizing or destabilizing, dependent on the load
on the tall and the original location of the tail in the
slipstream,

As was the case in congidering the direct propeller
forces, the absolute magnitude of ﬁcmt111 is not of inter—

est for this analysis, merely the difference in this quantity
caused by tilting the propeller (referred to hereafter as
A(Acmtail))' However, this difference cannot be directly

evaluated as it was for the direct propeller forces, dut

must be determined by first computing Acmtail for each
tilt of the propeller and then getting the difference, The
steps involved in computing Acmtail are ag follows?

1, Determine the change in downwash behind the
propeller,

Note: It should be noted that d4Cp/diy is the power—off
value measured at an angle of attack where the tail is free
of wake effects, This is normally the highest de/dit

measurcd throughout the angle—of-attack range, In contrast
Cmto is the actual pitching—moment contribution of the tail,

power off, that is, the difference between the tail-on and
tail-off pitching moment at each angle of attack,

Normal deviations from the assumption of free-stream
dynamic pressure at the tail with power off will not cause
significant differences in ACpy,37 2s determined from cqua—

tion (7), If an abnormally large decrease in dynsmic pressure

» " 3 .
exists, the factor (q/qo)power ofg Should be inserted in the

first term of equation (7) and (qo/a) in the last term,

power off
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2., Deilermine the location of the tail in the slip-
stream and the portion of the tail area immersed,

3., Determineg the effective values of Acp and
Aqfq, for substitution in egquation (7). -

The forcgeing procedure must be repeated for the two
tilts of the propeller under consideration, The differ—
ence in ACmt i1 computed thereby will be the effect of

8 .

tilt of the propsller,

The chonge in downwash is computed dy the method of
Glauert (pp., 357 to 359, reference 2) with an added term
o
i

-y @

to take care the fact that 8 does not equal agp
(fig, 31) as i% dces in Glauert's criginal analysis, (See

appendizes B and C,) Thus,

Agp = KEjap + KB AOLPOWer on (s

[o3]
~

(2a) (1 + 2) (1 + k)
(1 + 2a) {1+ a1 + &)]

(9)

%, - 20k {1 - a)v4 (10)
(1 + 2a) 1+ a (1 + k)]

where X iz the functica of V/nD and blade angle for an
inclined propeller used previously for determining the normal
force acting on the propeller, and is defined as

' T o1 dCp N
K = 0,365 Cp (V/nD QAa yo.r %%
p. (V/nD) . D Ze, a(v/nD) (11)

. . - . 2
- The variation of X; and K, with (', and k/(V/nD)
is shown on figure 32,

With the value of Ae, determined, the location of
the slipstream and the area of the tail immersed therein
can be determined either graphically or analytically from
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the geometrical considerations outlined in figure 33.,*

In accordance with Smelt and Davies (reference 6) the
effective values of A€y and bg/g, are as follows:
Stlm rsed
Ae, = 0.6 nersed (pe,) (12)
eff Stail
4q = <....J-mmﬁ.1‘..s.ﬂ.d.\ (13)
99 erf Stail / '
<%& X A€n> = as(0, 6Ae ) (itlmm9r53@> (13a)
© ) eff tail
where
PR—
A/ 8 .
s = ~1 + v/l + = T (14)

and A ig an empirical factor which for usual relations of
slipstream and immersed tail will be 1,

*This procedure is based on the assumptions outlined in
reference 1, that the slipstream remains substantially cyl-
indrical, Desplite the distortion of the slipstream which is
known to exist, the airplanes of reference 1, and at least
five other airplanes to which the method has been appliced, sihow
that the average Ae¢p and the Aq/q, in the slipstream com-

puted from such assumptions correspond quite well with experi-
mental observations, It is true that there is a further change
in downwash induced by the propeller in the flow outside the
slipstream, This change arises from the changed vortex systen
of the wing in the slipstream flow, (See Koning, p. 411, refer—
ence 2,) If absolute magnitudes of ACmy 47 were of interest

this downwash would have to be evaluated, However, sinces only
the the difference in ACmJC i1 due to tilt of the propeller

is concerned, only the differcnce in A€, due to the propeller

need be evaluated, On the assumption that tilting the propeller
will not appreciably affect the wing vortex system, the differ-

ence due to tilt of the propeller will consist entirely of that

arising from the reduced vertical component of the thrust,

This quantity is evaluated by equation (8),
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Substitution of the appropriate values of A€perpy.

AQ\ . '
g, ond &f— X Aeg in equation (7) then results
o/ eff

in ACpy,4q. It should be observed that d0Cy,/diy and

Cmt are the valnes estimated, or determined from power—

’

of f t"ﬂ's,

The foregoing procsdure has been carriesd out for four
tail heights, for both propeller $ilts, and the value of
A(Acmt ) then determined, (A&n 1lluscrat1ve computation

2l

for the flap&»up’ 21C0-hm cgnaitlunv is given in table II,)

4,50 {raised tail posi%icn),’an& 6,75 feet above the refer—
ence line which covers the range likely to be found in normal
designs, In termg of the propeller dimensions the heights
are approxiamately O, 1/ZR, 2/33, aand R above the refer—
ence line, The computed values of &(Acmtail) are shown on

The tail heights are 0 2.25 (normal tail position),

figures %4 and 35, They furnigh an idea of the magnitude of
the effects of tilt of the propeller on the tail, and the
rate ai which these effects change with teil height, It will
be observed that, with flaps up, the normal tail is in the
position which experiences close t0o the maximum effect,
amounting to a change in d0y/dCy of —-0,022 at a Cp of
0.8 (compared to —0,046 obtained from the direct propeller
force s), The higher tail positions are farther from the
center of the slipstream and, thercfore, less affected by
it, To give a physical picture of thls_effect, and to
clarify the steps of the computation, figures 36 and 37

have been prepared showing the relative location of the tail
and slipstream, the tall area immersed and the magnitude of
the A€, and Aq/q effect, As shown on figure 37, with

flaps douu the sllostream is below the tail for the major
part of the operating range and, therefore, A(Acmtail) is

zero, Heference to these two figures will aid in following
the computation outline of tables I and II,

. The extent to which the experiment confirms the computa—
tions is ghown o6n figures 38 and 39, where the summation of
the computed effect of the direct propeller forces and the
tnil effects 1s compared with the experimental determination,
For the flaps—up condition, where a major portion of the tail
ig immerged in the slips tread the computations tend tec over—
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estimnte the effect of the tilt of the propeller on the tail,
This is probably due to the slipsiream being distorted rather
than the idealized cylindrical shape, The fact that some '
small effect 1s measured flaps down, when the computataticans
indicate the tail to be Jjust out of the slipstream, fits in
with the hypothesis, It is worthy of note that the theory
indicates the proper trend; that is, the reduced effect of
tilt on the raised tail, which was measured (fig, 1B), is
predicted (fig, 34). ‘

The over—all accuracy of the method can be Jjudged on
the basis of figures 38 and 39, At the higher powers (where
the effcects of experimental scatter are less pronounced) the
predicted increment in A(ACyL) tends to run between 1,1 and
1,2 of that umeasured, It is bvelleved that such a check ig
close encugh to Justify use of the method in analyses which
are made in the preliminary design stage and will serve to
evaluate with sufficient accuracy the benefits to be obtained
from t11t of the propeller,

CONCLUDING REMARKS

The experimental regults are conslidered to show gquite
definitely the advantages to be gained by a downward tilt of
the propeller, It is clearly indicated that a 59 downward
tiit of the propeller will cause a rearward shift of the
neutral point ranging from 0,05 to 0,10 mean aerodynamic
chord at normal climd 1ift coefficients with power typical
of modern airplanes, This should considerably ease the dif-
ficulty of obtaining stadbility under these high~power low-
speed conditicns, so that a reduction in the high—speed
stability, where power effects are negligidble, would be per—
missible, Advantage can then be token of thisg fact in order
to ease the elevator balance requirements for the attainnent
of low gtick foreces per g,

The generalization of the results iec made possible by
the use of the computation procedure outlined, It is believed
that the check between the over-—all experimental and predigted
results ig sufficiently close to Jjustify use of the method in
the preliminary design stage,

2

Ameg Acronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif,, May 29? 1944,
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The following synbols are uscd in-this report,

4829 17

APPENDIX A

Symbols

Where—

over poegsible standard symbols have been used,

Cr

Cp
Cn

AcmprOp

Acmtail
AC
A(ACm)

ACp/dig

Lt

1ift coefficient

1

drag coefficient
pitching-nonent ccefficient

change in pitching—-nonert cocfficient due to
dircct propellser forces

change in pitching—ponent coefficient due to
slipstrean on tail

sunnation of AC, Qe =
PTCD tall

increment in AC, due to propeller tilt

rate of change 0f pitching-nmomnent ccefficient
with taill incidence

pitching moment 4d4ue t0 tail, with power off
If power—off force tests are avallable,
can he determined from

this
difference between Cp

with tail on, OCp
(not equal Cyp)

with tail off; at equal «
propeller diameter

propeller radius

airspeed
revolutions of propcller per second
air density

power input to propeller

power coefficient (-« >
\pPn 3p
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T axial propeller thrust
ns s T
Te thrust coefficient =5
Y%/
Np force normal to propellcer axis due to inclination
of propeller to air stream
. ¥p
Coy propeller normal—-force coefficient R
Ny > pon2Dh4
X propeller normal—force factor,
> ac
0,865 C, ING - L L 2%
ey ndD 20, d(v/nD)
(See fig, 7 for variation o¢f K vs V/noD
for test propeller at B = 21,0°,)
K, parameter for determining downwash behind
inelined propeller due to anp
K, parameter for determining downwash behind
inclined propeller due to0 Aa
Ié /D'?'
k factor used in computing K, and K, Q%LLXL2—1—>
TC
a angle of refercence axig to0 relative wind
am angle of propeller thrust axis to relative wind,
o + tilt of the propeller
A

nower off  wing upwash at propeller disk without slip—
stream inflow (upflow positive)

Aap0wer on wing upwash #t propeller disk with slipstrcam
inflow
8 inclination of promneller axis to rosultant dirce—
tion of wind at horizontal center line of
propeller disk (ap + Aa)
dg/da ratic of ratc of chnnge ¢f B8 to o (dependent

on distance ahead of wing, fig, 28)

i
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€y downwash behind wing, with power off (to be
taken as that at center line of wake unless
slipstream is very much above or below wing)

A€p increment in downwash, in slipstream due to
propeller forces
t pe
Aepl that part of AFP due to ap
Ae that part of Ac due to Ao
Pg p ,
q local dynamic pressure
d, free—strean dynsmic pressure
Aq (q—qo) in slipstrean
(Bepy | B effective change in thesc two quantities as
.e;i ~ determined by change in tall pitching
2 - t
(AQ/QO)aff, momen
a velocity increment factor at propeller disgk
T(1i+a) air velocity through propeller
S velocity increment factor back of propeller
' RPN
dick (-—1 -F«/; v BZo)
\ w o
V(1+s) air valocity back of propeller disk in the
~ gslipstroan
S wing arca
Sg tail area
Se clevator ares aft of hinge line
b wing span
ﬁti span of tail immersed in slipstream
c wing mean aerodynzmic chord
Cy average chord of tail immersed
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Subscripts

~5.5'}
-0, 8

4E29 20

area of tail immersed in slipstreanm
(bti Ct.1>

average clevator chord aft of hinge line
tail incidence to reference line
clevator angle, degrees

distance from propeller disk to center of
gravity of airplane (measured parallel
to thrust line)

distance from center of gravity to clevator
hinge 1line (measured parnllel to thrust
line)

distance from center of gravity to thrust
lirne, positive when center of gravity is
anbove thrust lihe (measured perpendicular
to thrust line)

distance from clevator hinge line to0o reference
axlis, positive when tail is above reference
axis (measured perpendicular to reference
axis)

distance from slipstrecam center line to tail,
positive when slipstream is abocve tail

elevator hinge noment

: ; H
elevator hinge-ucment coefficient ( .

4 Sg ¢4

rate of change of elevator hinge—nonent co-
efficlient with tail incidence

elevator stick force

acceleration of gravity (32,2 ft/sec?)

nagnitude of tilt of the propeller axis
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APPENDIX 3B

In the cornputation ¢f the normnal force acting cn a
prepeller in the presconce of & wing it ig¢ necessary to
know the additional effcctive tilt of the propeller (Aa),
caused by the upwagh in front of the wing, In the report
this has tecr ezpregsed os

d(Aapower off)
L0y yer off = o Oy, (B1)
. a I
1
Aasower on = (E”+ a) (Aapoyer off) (B2)

The relation between the power—off and the power—on Aa takes
into account the increased axial velocity at the propeller
. : _ d(dapower off)
(rig, 40) due to inflow, The value of - ig
acy

given in figure 28 as a function of the two main variables,
wing aspect ratio and distance forward of the wing guartoer
chord linec, (Vertical location of propeller assumed to be
sufficiently close to xX—axis of wing so that it is nect =
significant variable,) This variation has been derived as
follows: The downwash € at any point ~long the x—axis of
the wing with elliptical span loading will be

b/a
‘ 2 2
- d
¢ = 2 ¢ JF -{ -2 Zn i : (B2)
ki S X 4 «/(b/z)z—-'ﬂz
//g
h

where ///(/ﬁ/e ;

E-]
1l
ol o
[¢)
(&]
n
DO
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and €5 1is the downwash at the 1lifting line
C
L
€ = == (B4)
© A
and in the termsg of the sign conventions of this report
Ao=— ¢
Substituting in equation (B3): and differentiating gives
b/=
. o 3 2.__ 2
o TR =7/ (v/2)%n2

The curves of figure 28 are a plot of this gquation for

5 s X
various values of 7iﬁ§ andl aspect ratio,
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APPENDIX C

In this apprendix the symbol notation used by Glauert
in reference 2 is used, rather than that of the main body
of this report, so that ready cross reference can be madc,

Glauvert in reference 2 (pp, 357-360) develops a rela—
tion beitween the side force Y on a propeller and the
increased angle of downwash € Dbehind it, For the case
considered the side force is proportional and

Y = BT (c1)
B = k(g— ¢) (c2)
where
= ANG [1 - x.‘.i._@.‘i] = ;3eracp (__> (1_.._” — x_.__d.E}z__>
TR 2Qe dA nD 204 a(v/nD)

The angle (8—¢) as shown in figure 123 of reference 2 is
the inclination of the propeller at the propeller digk, In
the case of a propeller in the presence of the wing, the
inclination of the propeller is increased by Ac, the up—
wash in front of the wing at the propeller disk, (See fig,
40 of this report,) Thus for this case

B = E(0—¢ + Aa) (c3)

Substitution of this expression for B (instead of equation
(C2)) in the equations

s e et

0—-B V+w l+a

€ 2w 2
1 = a (¢5)
8+8 V+2w 1+2a

il

results in the following
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a(l+ k)8 bg k a
1+a&1+x) (1—a) [1+ a1+ k)]

(cs)

and

(0(2a) (1+a) (L+Xk)\ A, 2ak (1+a)
(1+2a) [1+a(l1+x)} (1+2a) [1+ all+k)]

¢y = (o7)

It will be noted that the first term of each of the above
equations 1s that due $0 the inclination of the propeller
to the frec stream and is equal to the CGlaunert expression
for samc, The second term is the supplemental downwash
arising from the increase in propeller normal force duc to
the wing upwash,

In the report X and K, are defined in accordance
with equation (07) so that

€, = K, 8 + Kjba (cs)

The variation of X, and X, with K/(V/aD)® and
Te is given in figure 32,
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NACA ACR Ho. 4EZ29 Fig. 2

(a) Normal tail

(b) Revised tail

Figure 3.- Single-engine alrplane model mounted in the
7-by 10-foot Hunnel.
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Figure 3.~ Three views of a 3/16-

scale model of a

single-engine airplane.

W % 52
INIT QNI %40F

o

*} 2.372"

[
S

HATIONAL ADVISORY OOMMITTEE
FOR AECRONAUTIOB

SELAGE REFERENCE LINE N,

A

FULL SCALE

N\ F:

BRSKE DRTA

MODEL SCALE

74,700 _L&S, GEOSS _WEIGHT :
95 FT WING  SPAN B.36 FT
375 5Q.F7 WiNG _AREA 73.781 SQ.F 7.
8.7 FL kL. /63 F7X
54 AR. 54
1S7 FT. ROCT CHORD 2.08 F7.
S8 FT TIP CHORD /OIS FT
67 % SPRN TOTAL FLAP SFAN 67 % SPAN
23 % MAC a4 35 R jaAc
853 sQ FT —HOP. TRIL ARER 3.007 SQF7-
20.7 AT C6. 70 4P _OF TR 3.88 £ T
777 FT 1,-PEOP 70 _<.a, Z/9BET
22.5 F T 2, Ch, 70 BLEV, AL, 4.205 FT.

3



Fig. 4

4E39

BACA ACR Ho.

NOILISOH TINL QFSIVI GNY TNION O SNIMEIT  IULVNINIS — Y FI?AAL

e

SMUISNIWIG FT0IS = TT2S \/ \\\ :
. __ / o ) \ o f o INIT TNTTILTS TR TS ——
stz ¥ ;

' -
ALIUGHLS »
b P "LRLOOI 0L
h LEITH WL FICITN X =]
¥ N =
—_—_ " = = =
el /

Laer e S~
YSIQ 33 773d0dS—""

! " 80ILOVNONIY HOd
FTILINNOO XHOSIAGY TVNOIIVE

$8'S 586 ——

Le-¥Y



“{Te} TejuozIIOoY Jo sTTejad -G oIt

Pig. 5

13 BT = outy 93uTy JO 3J8 PICYD 9FBIAY
(o1eos 1Tn3 suolsuswi() 13 bs g 9z = auUIT a3uly JO 1JB BAIE J04BASTO TB}O[
13 bs ¢£°Gg = eoI® 1%} TBIUCZTIOY T®BI0]
< 1GB°6
_ | 1 11°8 »
! 16272 / —
w [ Y
suty 9fuIy ‘oUIT PIOYD J0}BASTe usdaad gz~ 62°1
A — // : )
A _| ¥ / e S ——— \lh
ul o) -
| / sulf prloyd jusoxed LG 1862
1€8°G /
—_—

SOTLNVNOUEV HOI
TALLINNOO XMOSIAQY TVNOILVN

-~ U013 09818jur aSvyesng

NACA ACR No. 4E29



KACA ACR No. 4E39

Fig. 6
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NACA ACR No. 4E29 Fig. 7
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Figure 7.~ Variation of K with V/nD for model propeller at a blade
angle of 21,00 at 0,75 radius.
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